The fate of the subplate (SP) is still a matter of debate. The SP and layer 6 (which is ontogenetically the oldest and innermost neocortical lamina) develop coincidentally. Yet, the function of sublamina 6B is largely unknown. It has been suggested that it consists partly of neurons from the transient SP, however, experimental evidence for this hypothesis is still missing. To obtain first insights into the neuronal complement of layer 6B in the somatosensory rat barrel cortex, we used biocytin stainings of SP neurons (aged 0-4 postnatal days, PND) and layer 6B neurons (PND 11-35) obtained during in vitro whole-cell patch-clamp recordings. Neurons were reconstructed for a quantitative characterization of their axonal and dendritic morphology. An unsupervised cluster analysis revealed that the SP and layer 6B consist of heterogeneous but comparable neuronal cell populations. Both contain 5 distinct spine-bearing cell types whose relative fractions change with increasing age. Pyramidal cells were more prominent in layer 6B, whereas non-pyramidal neurons were less frequent. Because of the high morphological similarity of SP and layer 6B neurons, we suggest that layer 6B consists of persistent non-pyramidal neurons from the SP and cortical L6B pyramidal neurons.
Introduction
The subplate (SP) has been described as a transient lamina between the superficial cortical plate (CP) and the underlying white matter (WM) and contains a variety of neuronal cell types with respect to morphology, electrophysiological properties, and neurotransmitter identity (for reviews, see Kanold and Luhmann 2010; Wang et al. 2010; Judaš et al. 2013; Hoerder-Suabedissen and Molnár 2015) . SP neurons are morphologically very heterogeneous including inverted, horizontal, polymorphic, or fusiform multipolar and tripolar neurons with different shapes and spiny Initially, the SP has been proposed to serve as a waiting compartment for incoming afferent axons (Rakić1977; Kostovićand Rakić1980), providing a partly transient relay station and form a cellular scaffold for the functional maturation of the cortex. It may act as a "guide" for axonal pathfinding and the establishment of corticocortical and thalamocortical synaptic connections (Reep and Goodwin 1988; McConnell et al. 1989; Bayer and Altman 1990; Friauf et al. 1990; Ghosh et al. 1990; Woo et al. 1991; Molnár 1998; Hanganu et al. 2002) . SP neurons express α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/kainate, N-methyl-d-aspartate, and gamma-aminobutyric acid receptors (Meinecke and Rakic 1992; Herrmann 1996; Smith and Thompson 1999) that are essential for synaptic inputs from subcortical and intracortical targets and the synaptic transmission between SP neurons (Catalano et al. 1997; Smith and Thompson 1999; Hanganu et al. 2002) . Accordingly, recent evidence demonstrates that SP neurons are an integral part of perinatal neocortical circuits (Hanganu et al. 2002; Viswanathan et al. 2012 , for a review, see Kanold and Luhmann 2010) . They could be a prerequisite for the generation of oscillatory activity (Dupont et al. 2006; Moore et al. 2011) , the amplification of neuronal activity reaching the developing cortex Tolner et al. 2012 ) and the establishment of an adequate inhibitory circuitry (Kanold and Shatz 2006) .
After the formation of the thalamus-layer 4 (L4) circuitry, SP (as well as future L6B) connections to the thalamus disappear (Higashi et al. 2005; Friedlander and Torres-Reveron 2009; Liao and Lee 2012) . The fate of SP cells during postnatal development is still a matter of debate. In general, the majority of SP cells disappears by programed cell death (∼50-80% depending on the species) between perinatal development and adulthood independent of the species, for example, primates (Kostovićand Rakić1980; Meyer et al. 1992) , carnivores Shatz 1985a, 1985b) , and rodents (Ferrer et al. 1990; Price et al. 1997; Arias et al. 2002) . In cats, humans, and monkeys, a high portion of SP neurons may survive as interstitial WM neurons (Kostovicá nd Rakić1980; Valverde and Facal-Valverde 1988; Meyer et al. 1992; Judaš et al. 2010a Judaš et al. , 2010b . Experiments in rodent neocortex suggested that a fraction of SP neurons survive as a uniform layer that may be the future layer 6B, also named layer 7 (Bayer and Altman 1991; Woo et al. 1991; Clancy and Cauller 1999; Reep 2000; Marx and Feldmeyer 2013) . Consistent with these suggestions, SP neurons show morphological similarities with L6B neurons. However, a quantitative morphological comparison of SP neurons and L6B neurons is currently missing. Here, we provide a quantitative and comparative morphological study of the somatodendritic and axonal projection patterns of SP and L6B neurons in the rodent primary somatosensory (S1) cortex of early postnatal days (PND 0-4), whereas L6B neurons were morphologically characterized at juvenile and more mature postnatal stages . We were able to identify 5 similar spine-bearing neuronal cell types both in the SP and in layer 6B. We propose that the heterogeneous cell population in layer 6B could be in part a remnant of the developmental SP and that layer 6B consists of a mixture of classic cortical pyramidal cells and persistent spiny non-pyramidal SP cells.
Materials and Methods
All experiments were carried out in accordance with the German Animal Welfare Act, the EU directive 2010/63/EU on the protection of animals used for scientific purposes and the guidelines of the Federation of European Laboratory Animal Science Association. An appropriate number of animals was used to obtain unbiased data of SP and L6B neurons and about 3-5 neurons were obtained per animal (n = 19 animals aged PND 0-4 and n = 58 animals aged PND 11-35). Brain slice preparations, whole-cell patch-clamp recordings and histological procedures were similar to those previously described (Hanganu et al. 2001 (Hanganu et al. , 2002 Marx et al. 2012; Radnikow et al. 2012; Marx and Feldmeyer 2013) .
Brain Slice Preparations and Electrophysiological Recordings
In brief, Wistar pups aged PND 0-4 were anesthetized by hypothermia, decapitated, and 400-µm-thick brain slices of the primary somatosensory cortex were cut on a vibrating microtome (TPI, St Louis, MO, USA, or HR2, Sigmann Elektronik, Hüffenhardt, Germany). During preparation and recording, slices were maintained in an artificial cerebrospinal fluid containing (in mM): 124 NaCl, 26 NaHCO 3 , 3 KCl, 1.6 CaCl 2 , 1.8 MgCl 2 , 1.3 NaH 2 PO 4 , 20 -glucose and bubbled with 95% O 2 and 5% CO 2 . Patch pipettes (8-15 MΩ) were filled with standard internal solution containing (in mM): 117 potassium gluconate, 13 KCl, 1 CaCl 2 , 2 MgCl 2 , 11 EGTA, 10 HEPES, 2 Na-ATP, and 0.5 Na-GTP ( pH 7.4, 333 mOsm). Biocytin (0.5%) was added to the pipette solution for a later morphological classification. For the investigation of SP and L6B neurons, brain slices were prepared from Wistar rats aged PND 0-4 (PND 0, date of birth) and PND 11-35, respectively, as previously described (Hanganu et al. 2001 (Hanganu et al. , 2002 Marx and Feldmeyer 2013) . Patch-clamp recordings in current and voltage clamp mode were performed under visual control using video-enhanced, infrared Nomarski optics. Neurons in the SP and in layer 6B were randomly patched and filled with biocytin during recording.
To record from SP cells and layer 6B neurons properly, we chose 2 ages that were more than two apart. Only a small subset of L6B neurons (n = 9 of 230) was obtained from PND 11-14 rats. The SP reaches its maximal extent between PND 1-4 and decreases in the following days. The distinct lamination of the somatosensory cortex into 6 layers is already visible in rats by PND 5 and fully established at PND 10 (Bayer and Altman 1990) suggesting that the SP and layer 6B can be clearly identified.
Post hoc Staining, 3D Reconstructions, and Analyses
All slices were fixed at 4°C for 12-24 h in phosphate buffer (PB) containing 4% paraformaldehyde (PFA). SP brain slice tissue was processed by a modified protocol previously described by Schröder and Luhmann (1997) . Briefly, slices were preincubated for 1 h in phosphate-buffered saline (PBS) with 0.5% H 2 O 2 followed by an incubation in avidin-biotinylated peroxidase. Subsequently, slices were washed in PBS and Tris, incubated for 0.5 h in 20% diaminobenzidine (DAB) and for 10 min in DAB containing 0.01% H 2 O 2 . The reaction was intensified by a 2-3 min incubation in 0.5% OsO 4 . Afterward slices were dehydrated in ethanol and propylenoxide and embedded in Durcupan medium (Fluka, Buchs, Switzerland) . Slices from PND 11-35 animals were processed according to a different protocol . 3D reconstructions of SP and L6B neurons were made with the NEU-ROLUCIDA ® tracing software (Glaser and Glaser 1990 ) under the light microscope at high magnification using either a 100-or a 60-fold oil immersion objective with high a numerical aperture (NA 1.4) for best resolution. Contours for the pial surface, layer borders, and L4 barrels (in brain slices from PND 11-35 animals) were also traced. We used a standardized cortical model that corresponds to an averaged neocortical lamination, barrel-field, and cortical column of all 3D reconstructions (see . Next, L6B neurons were corrected for tissue shrinkage in all spatial dimensions (i.e., 1.1 in xy-dimensions and 2.1 in z-dimension; see Marx et al. 2012) . NEUROEXPLORER ® software was used for the analysis of morphological data. To determine the soma localization of all reconstructed SP and L6B neurons, the cortical thickness as well as the width of the CP, the marginal zone (MZ) and the SP was measured from the midpoint of each traced soma to the pial surface ( Fig. 1B1-2) . Furthermore, the maximal cortical dendritic and axonal field span, the distal dendritic and axonal processes toward the pial surface and the WM were calculated for each SP/L6B neuron. Using acute brain slices, long axon collaterals are often truncated. Thus, we excluded all neurons with a high transection of dendrites and especially axons. Therefore, only SP neurons with a total axon length > 500 µm and L6B neurons with a total axon length > 3.000 µm were taken for the appropriate analyses. Polar plot profiles and density maps were generated as described previously (Lübke et al. 2003; Helmstaedter and Feldmeyer 2010; Marx and Feldmeyer 2013) .
Cluster Analysis and Statistics
Previous neuronal SP cell types were mostly classified by eye and transmission bright-field imaging. We performed additionally a principal component analysis (PCA) as an intermediate step to reduce its vast number of morphometric parameters from NEURO-LUCIDA ® analyses and to avoid inclusion of highly correlated variables (e.g., soma properties, surface area and volume, number of dendrites with bifurcations and endings). We succeeded to diminish the parameters for the cluster analysis (CA) which were closely correlated or unsuitable for a distinct clustering ( Fig. 3A1-3 ). In total, 5 somatodendritic and 3 axonal morphological parameters of SP neurons were chosen, normalized, and used for an unsupervised CA (Table 1) . For the CA, distances were measured as Euclidean and Ward's method was used for calculating the linkage distance. The cutoff was determined by Thorndike's procedure (Thorndike 1953; Ward 1963; Cauli et al. 2000) . All data were presented as mean ± standard deviation. Statistical analyses were performed using one-way analysis of variance tests. Statistical significance was set to P ≤ 0.05.
Nissl Cresyl Violet Staining
Cresyl violet acetate solution was used to counterstain Nissl substance in the cytoplasm of SP and L6B neurons in PFA-fixed brain tissue of early and late postnatal stages. Therefore, 3 PND 2 and 1 PND 21 rat brain were fixed en bloc at 4°C for at least 4-5 days in 100 mM PB containing 4% PFA. Brains were washed several times in PB and brain slice series of 40-µm-thickness were cut with a Leica VT1000S microtome (Leica Biosystems, Wetzlar, Germany). Brain slices were transferred to adhesive object slides and air-dried overnight and subsequently incubated in a 0.1% cresyl violet acetate solution for 10-15 min at room temperature (RT). Afterward, slices were incubated in an ascending alcohol series of 70, 80, and 90% ethanol concentrations each for 1 min before they were differentiated with 96% ethanol until the cell somata showed a dark staining and the tissue background faded. Finally, brain slices were incubated for 1 min in 100% ethanol and twice for 10 min in xylene before they were embedded in DPX mounting medium. All steps were performed at RT.
Results

Neuronal Cell Type Classification and SP Clustering
Our aim was to identify neuronal cell types in the SP based on a quantitative analysis of their dendritic and axonal morphology.
At PND 0-4, the SP can be identified as a layer with a relatively low cell density situated between the developing CP and the underlying WM (Fig. 1A1 ). The cortical thickness was on average 1.110.9 ± 197.8 µm of which the MZ occupied on average 8.6 ± 1.7%, the CP 67.7 ± 6.9%, and the SP 23.7 ± 6.6% (values that are comparable with previous observations; see Hanganu et al. 2002 ; see also Fig. 1B1 ). SP neurons filled with biocytin during patch-clamp recordings were traced with NEUROLUCIDA ® software and subsequently analyzed by NEUROEXPLORER ® software.
The same was done for L6B neurons (Fig. 1A2,B2 ). The lamination of the early postnatal SP (PND 2) as well as that of the late postnatal six-layered cortex (PND 21) was additionally visualized by a Nissl cresyl violet staining ( Fig. 1C1-4 ,D1-4). The high cell density in the CP and in layers 5 and 6 can be distinguished from the low cell density in the SP (Fig. 1C1 ). Higher magnification images of Nissl-stained neurons suggested already 5 heterogeneous neuronal cell types of the SP and layer 6B (Fig. 1C4,D4 ). A distinct morphological classification was obtained by analyzing biocytin-stained SP neurons aged PND 0-4 and L6B neurons aged PND 11-35. In line with our previous findings (Marx and Feldmeyer 2013) , those neuronal cell types were referred to as "pyramidal-like" SP or pyramidal L6B neurons, multipolar SP/L6B, horizontal SP/L6B, tangential SP/L6B, and inverted SP/L6B neurons (
Furthermore, each of the 5 L6B cell types shows consistently spine-bearing dendrites (white arrows in Fig. 2A3 -E3). Using paired electrophysiological recordings, we were able to show that spine-bearing L6B neurons are glutamatergic (e.g., see Supplementary Fig. 1 which shows synaptic connections between 2 spiny L6B non-pyramidal neurons and between a spiny L6B non-pyramidal neuron and a L6B interneuron). All quantitative parameters describing the dendritic and axonal morphology, density, and polarity of SP neurons can be found in Table 2 . Particularly, the total dendrite length (P = 0.046) and the mean dendritic field span (P = 0.003) showed a significant difference between all 5 SP cell types. Data were further reduced by an additional PCA to find the relevant morphological parameters for the subsequent CA ( Fig. 3A2-3 ). In total, 76 SP neurons were used for the unsupervised CA revealing 5 distinct cell types. The dendrogram (Fig. 3A1 ) identified 5 distinct main clusters designated as: (C1) "pyramidal-like" SP neurons with a prominent "apical-like" dendrite and a distinct orientation toward the pial surface and (C2) multipolar SP neurons without any preferential dendritic orientation. Further groups of the CA were subdivided into (C3) "horizontally"-oriented SP neurons, (C4) "tangentially"-oriented SP neurons, and (C5) inverted SP neurons (see also the cutoff in Fig. 3A1 ). In summary, 13 "pyramidal-like" SP neurons, (17.1%), 26 multipolar SP neurons (34.2%), 12 horizontal SP neurons (15.8%), 13 tangential SP neurons (17.1%), and 12 inverted SP neurons (15.8%) could be assigned to those 5 SP cell type clusters. Exemplary reconstructions of each SP cell type are shown in Figure 4A1 -E1.
Cluster C1: "Pyramidal-like" SP Neurons Cluster C1 contains only neurons with a vertically oriented apical main dendrite with a distinct orientation toward the pial surface. A few basal dendrites were visible which projected obliquely from the soma and showed a circular arrangement around it (Figs 4A1, 5A1, and 7A1 and Supplementary Figs 2A1 and 3A) . The vertical distribution of "pyramidal-like" SP dendrites was on average 251.1 ± 69.3 µm toward the pial surface and 50.0 ± 27.3 µm toward the WM. "Pyramidal-like" SP neurons had the highest dendritic branching frequency of all SP cell types (1.47 ± 0.51 nodes/100 µm) but the smallest mean dendritic field span (121 ± Figure 1 . (A) Transmission bright-field images of (A1) a coronal brain slice with a biocytin-stained SP neuron in a PND 2 rat and (A2) a thalamocortical brain slice with 3 biocytin-stained L6B neurons in a PND 17 rat. In A1 the layer borders of the marginal zone, the cortical plate, the subplate, and the white matter and in A2 the cortical lamination (layers 1, 2/3, 4, 5A, 5B, 6A, and 6B) as well as layer 4 (L4) barrels are shown as dashed white lines. MZ, marginal zone; CP, cortical plate; SP, subplate; WM, white matter. (B) Schematics of the morphometric calculation and laminar location. Each component (e.g., cortical thickness, MZ thickness, CP thickness, SP thickness, dendritic and axonal field span, distal dendritic and axonal process toward the pial surface and the WM, L6, and L6B thickness) was obtained for all (B1) SP and (B2) L6B neurons. L4 barrels and an exemplary barrel column (gray) are shown in B2 as well. Dendrites in B1 and B2 are shown in red and axons in blue, respectively. (C,D) Nissl cresyl violet stainings of a thalamocortical brain slice of a PND 2 (C1-4) and a PND 21 rat (D1-4). Note in C1, the high cell density in the CP and in layers 5 and 6 compared with the low cell density in the SP. In C4 and D4, each cell type was exemplary marked as Pyr, "pyramidal-like"/pyramidal neuron; Mpc, multipolar neuron; Hori, horizontal neuron; Tang, tangential neuron and Inv, inverted neuron. Figures C2, D2 , C3, D3, C4, and D4 are higher magnification images of the boxed regions in C1, D1, C2, D2, C3, and D3, respectively. Scale bars in A1-2 = 200 µm; C1, D1 = 250 µm; C2, D2 = 100 µm; C3, D3 = 50 µm and C4, D4 = 25 µm. Transmission bright-field image and reconstructions in A2 and B2 are modified and taken from Marx and Feldmeyer (2013) with permission. 33 µm). The main dendritic projection toward the pial surface was at a polar plot angle of about 0 ± 30° (Fig. 5A2 ) resulting in an extremely high dendritic density (Fig. 7A2) . Axon collaterals of "pyramidal-like" SP neurons showed a vertical distribution on average of 712.3 ± 314.1 µm toward the pial surface and 210.6 ± 105.6 µm toward and into the WM, respectively. Some axons projected throughout the CP and were occasionally found in the MZ. Furthermore, "pyramidal-like" SP neurons had a large mean axonal field span (∼975 ± 231 µm). The axonal polar plot showed a main orientation toward the pial surface (i.e., polar plot angles of 0 ± 30°), but also in the horizontal plane (90°and 270 ± 10°; see Fig. 6A2 ) with a high axonal length density within the SP and in the superficial CP (Fig. 7A3 ).
Cluster C2: Multipolar SP Neurons
Neurons in cluster C2 are multipolar SP neurons that had no dominant apical or "apical-like" main dendrite and their dendrites projected in no preferred directions (Figs 4B1, 5B1, and 7B1 and Supplementary Figs 2B1 and 3A) . This SP cell type showed the highest total dendrite length with 2.229 ± 961 µm and a broad dendritic domain within the SP. Dendrites of multipolar SP neurons had an average extent of 212.1 ± 127.3 µm toward the pial surface and 81.8 ± 75.2 µm toward and into the underlying WM. The dendritic polar plot revealed a strong dendritic orientation toward the pial surface (i.e., polar plot angles of 0 ± 45°; see Fig. 5B2 ). The 90%-contour line of the dendritic length density map covers the largest area of all SP cell types (Fig. 7B2) . In addition, a high total axon length (5.619 ± 4.822 µm) was characteristic for multipolar SP neurons. The axonal projection of multipolar SP neurons was distributed throughout the developing neocortex-with some collaterals projecting on average 529.0 ± 307.8 µm toward the pial surface and others 325.4 ± 293.1 µm into and beyond the WM. The mean axonal field span was the highest of all SP cell types (978 ± 419 µm). The axonal polarity was comparable with those of "pyramidal-like" and tangential SP neurons with most collaterals projecting toward the pial surface (i.e., polar plot angles of 0 ± 25°, such as 90°and 270 ± 10°; see Fig. 6B2 ). The axonal domain of multipolar SP neurons was broad and not limited to a specific cortical region but covered the SP and CP to a great extent (Fig. 7B3) . Nevertheless, multipolar SP neurons showed a distinct difference in the mean dendritic field span compared with "pyramidal-like" SP neurons.
Cluster C3: "Horizontally"-Oriented SP Neurons Cluster C3 contains neurons with a horizontally oriented "apicallike" main dendrite extending from the medio-lateral sites of the soma (Figs 4C1, 5C1, and 7C1 and Supplementary Figs 2C1 and 3A) . Their dendrites had a maximal extent of 96.3 ± 46.7 µm toward the pial surface and 76.9 ± 35.9 µm toward the WM. However, the vertical components of the dendritic domain toward either the pial surface or the WM are as large as the horizontal component. Thus, the dendritic polar plot of this SP cell type did not show a significant horizontal dendritic orientation (i.e., polar plot angles of 180°and 270 ± 25°; Fig. 5C2 ). In contrast, single 3D reconstructions of this cell type reveal a predominant horizontal, that is, a medio-lateral, orientation. In addition, horizontal SP neurons have the highest mean dendritic field span of all SP cell types with 222 ± 164 µm. Its density map also suggests a largely horizontally distributed dendritic domain within the SP (Fig. 7C2 ). Horizontal SP neurons had the lowest axonal branching frequency of all SP cell types (0.39 ± 0.18 branches/100 µm). Their axon collaterals showed a narrow domain with an average extent of 489.7 ± 234.9 µm toward the pial surface, occasionally reaching the MZ. The vertical distribution toward the WM was on average 108.3 ± 76.4 µm. The axonal polar plot showed a slight vertical orientation toward the pial surface (i.e., polar plot angles of 0 ± 30°; see Fig. 6C2 ). The 90%-contour line of the axonal length density map was located in the SP and the lower CP (Fig. 7C3 ).
Cluster C4: "Tangentially"-Oriented SP Neurons
The fourth cluster C4 comprised SP neurons with a thick "apicallike" main dendrite extending obliquely from the soma (i.e., in medio-lateral directions; Figs 4D1, 5D1, and 7D1 and Supplementary Figs 2D1 and 3A) . Dendrites of these "tangential" SP neurons had a maximal extent of 149.6 ± 53.3 µm toward the pial surface and 55.1 ± 36.8 µm toward the WM. They terminated mainly in the local SP. The dendritic polar plot showed a preferentially projection at an angle of 45 ± 25° (Fig. 5D2) . The 90% dendrite length density of tangential SP neurons was mainly distributed within the SP (Fig. 7D2) . Tangential SP neurons showed a high collateralization throughout the developing cortex. Some axon collaterals reached up to the MZ. In general, they had long axon collaterals that project on average 519 ± 309 µm toward the pial surface and 113.6 ± 75.4 µm toward the WM. The axonal polarity was similar to that of "pyramidal-like" SP neurons (i.e., polar plot angles of 90°and 270 ± 25°; see Fig. 6D2 ). The 90%-contour line of the axonal density map was broad and located largely in the SP and CP (Fig. 7D3 ).
Cluster C5: Inverted SP Neurons
Cluster C5 contained SP neurons with an atypically oriented "apical-like" main dendrite which often extended from the basal pole of the soma and projected directly toward the WM (Figs 4E1, 5E1, and 7E1 and Supplementary Figs 2E1 and 3A) . The dendritic branches of these neurons had an average extent of 106.5 ± 61.4 µm toward the pial surface and 162.6 ± 56.3 µm toward and even into the WM. Virtually no dendrite projected beyond the SP. The dendritic polar plot showed a main orientation toward the WM (i.e., polar plot angles of 180 ± 25°; see Fig. 5E2 ). The 90%-contour line of the dendritic length density map was largely limited to the SP and the WM (Fig. 7E2) . Inverted SP neurons had a comparatively high axonal branching frequency of 0.57 ± 0.37 branches/100 µm, indicating a high degree of collateralization. Axon collaterals were mainly limited to the SP. They only project on average about 219.5 ± 150.1 µm toward and into the WM and about 324.2 ± 157.2 µm toward the CP, respectively. The mean axonal field span was the smallest of all SP cell types (535 ± 291 µm). The axonal polar plot showed a more medio-lateral polarity (i.e., polar plot angles of 270 ± 25°; see Fig. 6E2 ). The 90%-contour line of the axonal density map of inverted SP neurons remained within the SP and the lower CP (Fig. 7E3) . 
Morphological Comparison of SP and L6B Neurons During Cortical Brain Development
We compared the SP dataset (n = 76 neurons) with that of L6B (n = 230 neurons, including 87 neurons from Marx and Feldmeyer (2013) ). These were identified as pyramidal neurons, multipolar neurons, horizontal neurons, tangential neurons, and inverted neurons. L6B neurons were obtained from the somatosensory barrel cortex of rats aged PND 11-35. Our data demonstrate that both layer 6B and the SP contain a very heterogeneous neuronal cell population. We have shown that 5 distinct excitatory L6B show consistently spine-bearing dendrites for each L6B cell type (white arrows). Scale bars in A1-E1 = 50 µm, A2-E2 = 100 µm, and A3-E3 = 10 µm.
neuronal cell types exist (Marx and Feldmeyer 2013) similar to our findings for the SP. When comparing the SP with L6B, we found a change in the relative fraction of each neuronal cell type with increasing age. The relative fraction of pyramidal cells increased on average by +16.2% from PND 0-4 to PND 11-21 and further to +22.9% at PND 22-35. Overall, the relative fractions of tangential, horizontal, and multipolar cell types decreased between PND 0-4 and PND 22-35. In the same time period, the relative fraction of inverted cells decreased by −1.3%. However, an increase of +4.2% was observed between PND 0-4 and PND 22-35. The fraction of inverted neurons remained largely unchanged (Fig. 3B) . In summary, both SP and L6B cell types had similar morphological properties in the somatodendritic and axonal domain. Individual neurons of each SP and L6B cell type showed that common dendritic projections exist in early and late postnatal neurons.
Differences and Similarities Between Polarity Profiles and Density Maps of SP and L6B Neurons
Next, we investigated the differences in axodendritic properties between the SP neuronal cell classes in detail and how these properties mature in the different classes. Therefore, we performed a quantitative morphological comparison of the dendritic and axonal arbors of SP and L6B neurons upon their polarity profiles and density maps. Based on the dendritic polar plots (Figs 5A2-3 to E2-3 and 6A2-3 to E2-3) and the dendritic length density maps (Figs 7A2-3 to E2-3 and 8A2-3 to E2-3), we found that the dendritic structure of the identified neuronal cell classes in the SP and in layer 6B was largely similar although small changes occurred during development (see Supplementary  Fig. 3A,B) . The dendritic field span of "pyramidal-like" SP neurons is quite comparable with that of L6B pyramidal neurons. However, the characteristic dendritic length density, that is, a barrel-confined density, is first discernible from PND 4 onward ( Figs 7A2 and 8A2) . During cortical development, tangential neurons acquired a much higher dendritic density in adjacent regions, that is, toward neighboring cortical columns (Figs 7D2 and 8D2). The characteristic dendritic length density of multipolar, horizontal, and inverted L6B neurons in the mature brain tissue was seen particularly early in the density maps of the appropriate SP cell types (Figs 7B2,C2,E2 and 8B2,C2,E2). The axonal domain of "pyramidal-like" SP and L6B pyramidal neurons on the one hand ( Fig. 6A1-4 ) and multipolar SP and L6B neurons on the other hand ( Fig. 6B1-4) had a largely similar polarity. In contrast, horizontal and inverted neurons in the SP and in layer 6B showed profound differences in their respective axonal polarity plots. At later postnatal stages, these neurons had a prominent horizontal component in the axonal polar plot, that is, toward the posterior-median or the anterior-lateral axis whereas, at early postnatal stages, the axonal polarity of SP neurons was either directed toward the pial surface or lacks a directional preference (Fig. 6C1-4,E1-4) . Changes in the axonal length density maps of SP and L6B neurons were in accordance with those in the axonal polarity profiles. Marked alterations in the axonal domain of each SP neuronal cell type and its corresponding L6B cell type can be seen with increasing age. In the SP, "pyramidal-like" neurons had a very large axonal field span throughout the CP. In the more mature brain tissue, L6B pyramidal neurons showed by comparison only a small axonal field span and with that a more barrel-confined axonal length at PND 11-35 (as we observed for the dendritic domain of pyramidal cells; see Figs 7A3 and 8A3). However, this may be at least in part an artifact of axonal truncation during the slicing procedure. Multipolar SP and L6B neurons had a similarly high axonal density throughout brain development (Figs 7B3 and 8B3) . Changes in the axonal density maps of horizontal, tangential, and inverted neurons showed a common decrease in the density of axonal projections throughout the neocortex and toward the pial surface (Figs 7C3, 8C3, 7D3, 8D3, 7E3, and 8E3) . Only the lower neocortical laminae showed a high density of axon collaterals at later postnatal ages. 
Discussion
In rodents, the SP zone reaches its maximal extent, that is, about 20-30% of the thickness of the developing cortex between PND 0-4. The number of SP cells peaks around PND 3-4 and declines with postnatal age (PND 6-10; see Heumann et al. 1977; Rice and Van der Loos 1977; Heumann and Leuba 1983; Finlay and Slattery 1983; Ferrer et al. 1990; Woo et al. 1991) . The majority of non-pyramidal SP cells disappear presumably by programed cell death (Kostovićand Rakić1980; Shatz 1985a, 1985b; Arias et al. 2002) . Here, we have identified 5 distinct spine-bearing neuronal cell types in the SP, based on their dendritic and axonal structure. Furthermore, we compared the SP cell morphology with those of L6B neurons in the juvenile (2nd to 3rd postnatal week; i.e., PND 11-21) and in the more mature (4th to 5th postnatal week; i.e., PND 22-35) somatosensory cortex. Our quantitative morphological analysis of SP neurons identified 5 distinct cell clusters, that is, (C1) "pyramidal-like" SP neurons, (C2) multipolar SP neurons, (C3) horizontal SP neurons, (C4) tangential SP neurons, and (C5) inverted SP neurons. The morphological properties of these SP cell types were found to be comparable with those of the L6B neuronal cell types. On the basis of the somatodendritic and axonal morphology of both SP and L6B neurons, we suggest that neocortical layer 6B consists of a mixture of a pyramidal cell population and SP-derived non-pyramidal, spine- contribution to the PCA shown in A2 and which parameters had been preferred to be used in the CA. I, dendritic polarity 0 ± 30°; II, dendritic polarity 45°and 315 ± 35°; III, dendrite length; IV, dendritic field span; V, dendritic polarity 90°and 270 ± 35°; VI, axon length; VII, dendritic polarity 180 ± 60°; VIII, axonal field span; IX, inverted; X, tangential; XI horizontal; XII, dendritic branching; XIII, main dendrite; XIV, apical dendrite; XV, axonal branching. (B) The bar diagrams illustrating the relative fraction of each neuronal cell type during cortical development (left bar: SP, PND 0-4, n = 76; middle bar: L6B, PND 11-21, n = 185; right bar: L6B, PND 22-35, n = 45). We found a change in the relative fraction of each cell type by increasing age. Pyramidal cells were more prominent in layer L6B than in the SP while non-pyramidal cells were less frequent.
The fraction of inverted cells remains almost unchanged. Color code: "pyramidal-like" SP or pyramidal L6B neurons are presented in red, multipolar SP/L6B neurons in green, horizontal SP/L6B neurons in violet, tangential SP/L6B neurons in blue, and inverted SP/L6B neurons in orange, respectively.
bearing cells (i.e., multipolar, horizontal, tangential, and inverted neurons). The fact that these 5 morphologically similar spiny neuron types are present in the SP and in the mature layer 6B suggests that at least a subset of SP neurons persist into adulthood. The different L6B neuron types are likely to undergo morphological changes during maturation, especially in their axonal domain. A neuronal diversity of spine-bearing neurons similar to that in the SP or layer 6B is not found in other cortical layers that contain mainly pyramidal neurons (with the exception of layer 4 which contains also spiny stellate neurons).
"Pyramidal-like" SP and Non-pyramidal SP Neurons
We investigated 5 SP cell types comprising a very heterogeneous neuronal SP cell population. We were able to demonstrate that SP and L6B cells have a high morphological similarity. In contrast to other cortical layers, the SP and layer L6B have a diverse glutamatergic neuronal cell population (Tömböl 1984; Zhang and Deschênes 1997; Prieto and Winer 1999; Andjelic et al. 2009 ). This heterogeneity is also found in other species such as mice, cats, monkeys, and humans (Kostovićand Rakić1980; Ferrer et al. 1986a Ferrer et al. , 1986b Valverde et al. 1989; Friauf et al. 1990; Kanold and Luhmann 2010) . Hanganu et al. (2002) already distinguished between 5 and 6 neuronal cell types in the SP, that is, bitufted and monotufted horizontal, multipolar, inverted, polymorphous, and fusiform SP neurons. In the present study, the groups of bitufted and monotufted horizontal cells were clustered as a common group of "horizontally"-oriented SP neurons. Pyramidal SP neurons are rare compared with the other SP neuronal cell types. Fully matured pyramidal cells were not observed in the SP, in accordance with earlier findings (Marín-Padilla 1971 , 1972 . Thus, we referred to neurons in cluster C1 as "pyramidallike" SP neurons. Each SP neuron type is characterized by a distinct dendritic domain. A reorganization of SP dendrites occurs during the first 2 postnatal weeks (Valverde et al. 1989; Robertson et al. 2000; Liao and Lee 2012) . The strong increase in branching and total dendrite length results in an increase of cell complexity. Especially, inverted and multipolar SP neurons have been reported to show a continued dendritic growth (Mrzljak et al. 1992) , providing further evidence that at least a subset of SP neurons is incorporated in cortical layer 6B or the WM (Kostovićand Rakić1980, 1990 . However, the axonal domains take different course during development, some are broader after maturation and some are broader at early ages, that is, in the SP. In any case, for each neuron type, the axon density was maximal in the layer in which its soma was located, that is, the SP or layer 6B, respectively. In marked contrast to the mature cortex, axon collaterals of almost all SP neurons-with the exception of inverted SP neurons-project throughout the entire CP and occasionally up to the MZ. This suggests that, during ongoing maturation, axon collaterals of most SP cells are pruned or retracted to a significant extent. We found a high degree of collateralization of the proximal axon branches in the SP as well as in layer 6B, while the projection pattern of distal axon collaterals was dependent on the neuronal cell type. Because of their relatively dense axonal projections to more superficial layers pyramidal and multipolar neurons (the principal L6B cell types) are particularly suited to modulate neuronal processing in these layers, a feature that is already apparent in the SP. However, inverted, horizontal, and tangential SP and L6B neurons influence cortical processing only in deep layers, and this role is likely to decrease with ongoing maturation. This has also been described for both local and long-range axonal projections (McConnell et al. 1989; Friauf et al. 1990; Tomioka et al. 2005; Higo et al. 2007; Luhmann et al. 2009 ). The gradual disappearance of the SP is associated with the formation of Figure 5 . Dendritic polarity profiles of SP and L6B neurons. Three-dimensional reconstructions of SP (A1-E1) and L6B (A4-E4) neurons and their appropriate polar plots (SP: A2-E2; L6B: A3-E3) are shown. The polar plots represent the characteristic dendritic orientation of (A1,2) "pyramidal-like" SP neurons, (A3,4) pyramidal L6B neurons, (B1,2, B3,4) multipolar SP/L6B neurons, (C1,2, C3,4) horizontal SP/L6B neurons, (D1,2, D3,4) tangential SP/L6B neurons, and (E1,2, E3,4) inverted SP/L6B neurons. The mean dendritic length was calculated for 120 "3°sectors" with the aid of NEUROEXPLORER ® using cubic spline smoothing and plotted in angular subdivision around the soma. The radian depicts degree in angles (°) and is encoded with 0°toward the pial surface, 90°toward the posterior-median axis, 180°toward the WM and 270°t
oward the anterior-lateral axis, respectively. Color code and nomenclature is as in Figure 3 . All neuronal cell reconstructions are superimposed and soma-centered. Axons in A1-E1 and A4-E4 are represented in gray. MZ, marginal zone; CP, cortical plate; SP, subplate; WM, white matter. Scale bars for SP neurons in A1-E1 = 400 µm and for L6B neurons in A4-E4 = 250 µm.
corticocortical connections in future layer 6B (Nicolelis et al. 1991; Reep 2000) . However, a minor fraction of SP cells does not undergo degeneration or apoptosis and persist as L6B neurons or socalled layer 7 neurons (Woo et al. 1991; Valverde et al. 1995; Robertson et al. 2000; Arias et al. 2002; Heuer et al. 2003; Wang et al. 2011) . Surviving SP neurons could play a role in the modulation of synaptic cortical input. They may also provide glutamatergic drive to the overlying cortex either by direct innervation of All dendritic and axonal reconstructions are superimposed with respect to their soma center ( presented by yellow dots). The white contour lines superimposed on the density maps (in A2,3, B2,3, C2,3, D2,3, E2,3) enclose 70, 80, and 90% of the integrated dendrite and axon length density, respectively. Dendrites and dendritic density maps are shown in red, axons, and axonal density maps in blue. Color code and nomenclature is in accordance to that given in Figure 3 . MZ, marginal zone; CP, cortical plate; SP, subplate; WM, white matter. Scale bar = 400 µm. Ghosh et al. 1990; Ghosh and Shatz 1992b ; for reviews, see Grant et al. 2012; Hoerder-Suabedissen and Molnár 2015) . Around birth, SP neurons have been found to support cortical oscillations and, during postnatal development, they are involved in the formation and plasticity of excitatory and inhibitory neuronal networks (Kostovićand Rakić1990; Kanold et al. 2003; Dupont et al. 2006; Kanold and Shatz 2006; Hanganu et al. 2009; Luhmann et al. 2009; Yang et al. 2009; Kanold and Luhmann 2010; Kostovićand Judaš 2010; Wang et al. 2010; Kostovićet al. 2011) . The somatodendritic and axonal projection pattern of spine-bearing SP/L6B neurons suggests that in postnatal and mature neocortex, these neurons take part in synaptic signaling in and out of the superficial cortical layers by excitatory feedforward and feedback projections (Friedlander and Torres-Reveron 2009; Judaš et al. 2010a Judaš et al. , 2010b Kanold and Luhmann 2010) . This suggests that persistent SP cells and newly generated L6B neurons are well interconnected in future layer 6B and with neurons in other cortical layers as well as other cortical regions. They may target also subcortical regions. It has been reported that L6B neurons establish little or no corticothalamic connections, but show clear corticocortical projections during early development (Reep and Goodwin 1988; Vandevelde et al. 1996; Clancy and Cauller 1999; Prieto and Winer 1999) . Furthermore, connections between interstitial WM neurons and the thalamus have been described for the primate cortex (Giguere and Goldman-Rakić1988) . Axon collaterals of cortical pyramidal cells and most SP-derived nonpyramidal cells in layer 6B are in a position to innervate upper L5, L4, and L2/3 neurons. Innervation of cortical layer 1 by L6B neurons has also been reported (Clancy and Cauller 1999) . In addition, the axons of excitatory non-pyramidal L6B neurons were not confined to their home barrel column and projected often over several adjacent columns forming short and long-range corticocortical connections that may project even to neighboring cortical areas (Valverde et al. 1989; Molinari et al. 1995; Zhang and Deschênes 1997; Clancy and Cauller 1999; Binzegger et al. 2005; Andjelic et al. 2009; Chung et al. 2009; Marx and Feldmeyer 2013; Kostovićet al. 2014) . Similarities between SP and L6B neurons have been found with respect to some neuronal marker proteins and peptides like the orphan nuclear receptor Nurr1, CTFG, Cplx3, hypocretin-orexin (Hcrt-orx), Lpar1-GFP, neuroexophilin 3 (Nxph3), and Tbr1 (Hevner et al. 2001; Arimatsu et al. 2003; Bayer et al. 2004; Beglopoulos et al. 2005; Hoerder-Suabedissen and Molnár 2013; Pedraza et al. 2014) . Especially, Nurr1, Hrct-Orx, and Nxph3 were found to be very heterogeneously distributed in excitatory neocortical neurons, primarily in L6B neurons. Those peptides have been proposed to be involved in wakefulness and behavioral arousal (Arimatsu et al. 2003; Bayer et al. 2004; Beglopoulos et al. 2005; Sakurai 2007; Chung et al. 2009 ). Arimatsu et al. found both a relative fraction of so-called latexinnegative neurons persist from the SP and coexist besides later born latexin-positive L6B neurons and a Nurr1 co-expression in latexin-negative neurons. Thus, SP-derived L6B neurons may also contribute to long-range intrahemispheric corticocortical projections and could serve to establish and maintain a normal corticocortical circuitry (Arimatsu et al. 1999 (Arimatsu et al. , 2003 . Future studies involving the expression of neuronal markers, the synaptic connectivity, and effects of neuromodulators are required to further elucidate the development of L6B neurons, their relationship to SP neuron types and their functional role in the synaptic microcircuitry of the rodent neocortex.
Supplementary Material
Supplementary material can be found at http://www.cercor. oxfordjournals.org/online.
Funding
This work was supported by the Deutsche Forschungsgemeinschaft (DFG) research group "Barrel Cortex Function" (FOR 1341, BaCoFun) and the Helmholtz Association.
Notes
We thank Jawad Jawadi for his assistance in 3D reconstructions and Dr Gabriele Radnikow for critically reading an earlier version of this manuscript. Furthermore, we give thanks to Werner All dendritic and axonal reconstructions are superimposed with respect to their soma center (presented by yellow dots). Dendrites and dendritic density maps are shown in red, axons, and axonal density maps in blue. Color code and nomenclature corresponds to that given in Figure 7 . Scale bar = 300 µm.
Hucko, Markus Cremer, and Jessica Teske-Bausch for excellent technical assistance. Conflict of Interest: None declared.
